This paper presents new definitions for obtaining reproducible results in numerical phone dosimetry. Numerous numerical dosimetric studies have been published about the exposure of mobile phone users which concluded with conflicting results. However, many of these studies lack reproducibility due to shortcomings in the description of the phone positioning. The new approach was tested by two groups applying two different numerical program packages to compare the specific anthropomorphic mannequin (SAM) to 14 anatomically correct head models. A novel definition for the positioning of mobile phones next to anatomically correct head models is given along with other essential parameters to be reported. The definition is solely based on anatomical characteristics of the head. A simple up-to-date phone model was used to determine the peak spatial specific absorption rate (SAR) of mobile phones in SAM and in the anatomically correct head models. The results were validated by measurements. The study clearly shows that SAM gives a conservative estimate of the exposure in anatomically correct head models for head only tissue. Depending on frequency, phone position and head size the numerically calculated 10 g averaged SAR in the pinna can be up to 2.1 times greater than the peak spatial SAR in SAM. Measurements in small structures, such as the pinna, will significantly increase the uncertainty; therefore SAM was designed for SAR assessment in the head only. Whether SAM will provide a conservative value for the pinna depends on the pinna SAR limit of the safety standard considered.
Introduction
This paper proposes a novel definition for the positioning of mobile phones on anatomically correct head models for numerical dosimetry. The proposed guidelines on how to standardize phone positioning on anatomical head models will help us compare the results from different groups. These guidelines provide the necessary phone positioning procedures for numerical studies to evaluate whether the specific anthropomorphic mannequin (SAM) is conservative or not. We used this new definition to compare the specific absorption rate (SAR) for SAM to the SAR for 14 different anatomically correct head models for 835 MHz and 1900 MHz in two different phone positions: 'cheek' and 'tilted'.
Mobile phones are required by national regulations to be tested against applicable exposure limits. There are two standards recommending measurement techniques for determining the peak spatial-average SAR in the human head from wireless communications devices, such as mobile phones: EN 50361-2001 50361- and IEEE 1528 50361- -2003 . A standardized anthropomorphic head phantom, the SAM, was developed and its shape and dimension are specified in a CAD (computer aided design) file included with EN 50361-2001 50361- and IEEE 1528 50361- -2003 . The SAM model has been validated by members of both committees and other groups. Most of these validations use numerical modelling to compare the calculated peak spatial-average SAR of SAM to the calculated peak spatial-average SAR for numerical models of anatomical correct heads. Some of the published results indicate that SAM could underestimate the SAR in adults and children by a factor of 2 or more (Gandhi and Kang 2002) . Other studies showed that SAM overestimates the SAR in both adults and children (Christ et al 2005 , Kuster et al 2002 . There are several other studies published on this topic (Dimbylow and Mann 1994 , Bernardi et al 1996 , Gandhi et al 1996 , Hombach et al 1996 , Okoniewski and Stuchly 1996 , Schönborn et al 1998 , Lin 2002 , Kanda et al 2002 , Lee et al 2002 , Van de Kamer and Lagendijk 2002 , Anderson 2003 , Wang and Fujiwara 2003 , Martinez-Burdalo et al 2004 , Mochizuki et al 2004 all with slightly different conclusions. Not all of these studies included SAM but all used the same approach and compared the calculated peak spatial-average SAR of different head models. All studies contributed to the knowledge of energy absorption in human heads but the question of whether SAM is conservative remains unanswered. Beard and Kainz (2004) have outlined several problems associated with comparing these published results. These are the treatment of the pinna, the lack of common head models, the phone positioning on anatomical head models, the rotation of anatomical head models, the SAR averaging algorithm and the normalization of the peak spatial-average SAR to either net input power or feed-point current. Due to the lack of standardized computational modelling protocols these contradictory findings produce confusion for the public and regulatory agencies.
Methods

Problems associated with phone positioning on head models
From the almost infinite number of possible positions in which a mobile phone could be used and therefore tested, EN 50361-2001 50361- and IEEE 1528 50361- -2003 selected two phone positions for each side of SAM, called the 'cheek' and 'tilted' position. The 'cheek' position places the body of the phone against the cheek while the 'tilt' position places a projecting antenna close to the head. A mobile phone will be tested on both sides of the SAM in 'cheek' and 'tilted' position. These test positions were chosen to provide a conservative estimate of SAR over a reasonable cross section of normal use conditions. One of these two positions is expected to represent the maximum exposure when the mobile phone is used as intended. However, these test positions may not provide the 'worst case' SAR, which may be outside of the range of normal use positions. The two phone positions 'cheek' and 'tilted' are intended to produce SAR results that are representative of typical exposures for a significant majority of persons during normal use of mobile phones.
While positioning a mobile phone for numerical dosimetry on SAM is well defined, the positioning of mobile phones on anatomical head models is a complex and non-standardized procedure. SAM was developed to reduce SAR measurement uncertainty and to provide conservative results for a significant majority of persons using the mobile phone in normal use positions. In order to compare the results from different groups using different anatomical head models, it is necessary to establish standardized definitions of mobile phone positions on anatomical head models.
Since SAM is a generic head with well-defined planes, reference points and a flat pinna (see figure 1) to reduce SAR measurement uncertainty, the definition for 'cheek' and 'tilted' as described in EN 50361-2001 and IEEE 1528 -2003 is not directly applicable for anatomical head models. Other reference planes, reference lines and reference points are necessary to define a natural mobile phone position on anatomical head models with varying pinna shape, pinna size and pinna orientation. Almost every numerical study using anatomical head models tried to place the mobile phone in a natural position next to head; some even referenced the 'cheek' position and the 'tilted' position for anatomical head models. Unfortunately none of the publications described their definition of the phone position next to the anatomical head model in detail. Simply using the standardized SAM reference points for anatomical head models is not sufficient to define the phone position for anatomical head models. For example, Christ et al (2005) describes the definition of the phone positioning as follows: 'for the anatomical phantoms, the phone was placed in positions which correspond to this definition (definition given in IEEE (1528)) but consider the smaller head and ear sizes of the 3 YC'. Gandhi and Kang (2002) describe their phone positioning rudimentary as follows: 'to represent a realistic posture of the cellular telephone relative to the head, the 30
• -tilted models of the head as shown are used and the telephones of various handset and antenna dimensions are placed vertically relative to these head models'. In both examples the definitions are insufficient for others to reproduce the phone position on the same anatomical head models without ambiguity. There are a few other problems associated with phone positioning on anatomical head models. First, the pinnas on different anatomical head models have different shape and size. Second, anatomical head models based on magnetic resonance imaging (MRI) or other anatomical data are usually not aligned with the computational grid. Figure 2 shows the misalignment of an anatomical head model with the computational grid. Therefore, simple rotations of the phone based on the original head model and using the SAM reference points are not appropriate for an unambiguous phone position.
When a mobile phone is placed in the 'cheek' position for compliance testing on the SAM, both standards instruct one to 'rotate the handset about the NF-Line until any point on the handset is in contact with a point below the pinna on the cheek'. For SAM the reference plane is defined as a plane through both ERP (ear reference point) points (left and right) and the mouth point M. For anatomical head models the reference points, lines and planes must all be determined relative to anatomical markers. The geometry of anatomically correct models of the human head usually prohibits NF-Lines that are perpendicular to the reference plane.
A rotation of the mobile phone around an NF-Line, which is not perpendicular to the reference plane, rotates the vertical centreline of the mobile phone out of the reference plane. Therefore it is obvious that new definitions are necessary for anatomical head models. Without a clear and unambiguous definition of mobile phone positioning on anatomical head models the phone positioning issue could always be a reason for different results from various groups.
The definition of reference points and reference planes for anatomical head models
The first step in defining the phone position for anatomical head models is to determine a reference plane, similar to SAM's, based only on anatomical characteristics of the head Root point set 2:
• N (upper point on NF-Line)
• F (lower point on NF-Line)
• T (tangent point on the cheek)
The definition starts with root point set 1 (EECL, EECR, M). These points are solely based on anatomical characteristics and independent of the head orientation relative to the computation grid. The user must define root point set 1 (EECL, EECR, M) on the head model prior to all other points. The three points of root point set 1 (EECL, EECR, M) define a plane called the reference plane. The two points EECL and EECR define the EEC-Line. The next step is to define the pivot plane by first calculating the distance
DPP is the distance EEC to ERP of the SAM model (15 mm) scaled to the size of the anatomical head model. All dimensions in equation (1) are in millimetres. Equation (1) results in a cross section with a meandering borderline. The points N and F shall be chosen as the boundary points of a line touching the pinna cross-section area. Figure 4 illustrates the definition of the NF-Line.
Because the NF-Line is generally not on the most outer side of the pinna the phone will usually slightly cut through the pinna. This cut was between 1 mm and 3 mm on the anatomical head models we studied. The cut of the mobile phone through the pinna approximates the normal reduction of the distance from the pinna to the head due to the pressure of the mobile phone.
The next step is to shift the reference plane 0.5 times the width of the phone up and down to find the reference plane up (RPU) and the reference plane down (RPD) as shown in figure 5 .
The most important plane is the tangent plane (TP). To find the tangent plane the user has to rotate a plane containing the NF-Line around the NF-Line until this plane touches the cheek somewhere between the RPU and the RPD. The point where the tangent plane touches the cheek is called the tangent point T, which is part of root point set 2. For the head model shown in figure 5 the tangent point T lies on the RPU. In general the tangent point T can lie anywhere on the cheek between the RPU and the RPD. Having defined root point set 1 and root point set 2 any mobile phone position can now be defined consistently for anatomical head models. This is demonstrated in the following for the 'touch' and 'tilted' positions in analogy with the definitions of EN 50361-2001 50361- and IEEE 1528 50361- -2003 .
The definition of the two phone positions 'cheek' and 'tilted' for anatomical head models
One important difference between positioning a mobile phone on anatomical head models and on the SAM is the reference point for placing the phone. While the ERP is the main positioning point on the SAM, the EEC (entrance ear canal) is the main reference point on anatomical head models. For the definition of the phone position on anatomical head models the phone plane, defined by the vertical centreline of the phone and the horizontal line, is equal to the TP. The phone reference lines are the same as defined in EN 50361-2001 50361- and IEEE 1528 50361- -2003 . In addition to the acoustic output the EEC reference point on the mobile phone is defined as a point on the vertical centreline separated by the distance DPP from the intersection of the vertical centreline and the horizontal line (see figure 6 ).
To place a mobile phone in the 'cheek' position the plane created by the vertical centreline and the horizontal line of the mobile phone is equivalent to the TP. The vertical centreline of the phone is equivalent to the intersection of the tangent plane and the reference plane (red line in figure 7 ). Finally the EEC reference point on the mobile phone is equivalent to the intersection of the EEC-Line (dashed blue line in figure 7 ) and the tangent plane. Based on the 'cheek' position the 'tilted' position on anatomical head models can be defined as described in EN 50361-2001 and IEEE 1528-2003 for SAM.
The generic mobile phone
For most of the published studies comparing SAM to anatomically correct head models a metal box with monopole or helix antenna was used as the mobile phone model. Also a recent publication from Gandhi and Kang (2004) questioning the usefulness of SAM and the SAM plastic pinna uses a metal box as the mobile phone model. Although metal box phone models were used in numerous previous studies, it is not an accurate model for modern mobile phones. More realistic mobile phone models must be used in order to get results which reflect real-world situations. The current distribution, and therefore the RF exposure, of a metal box differs considerably from real mobile phones. Real-world mobile phones have multiple components relevant to the RF current distribution: the printed circuit board (PCB) containing the RF components, dominant radiating structures within the PCB and chassis, metallic shields, the antenna and the capacitive-coupled plastic housing. All these elements define the current distribution on the mobile phone. The two main metallic components defining the current distribution are the PCB and the antenna, which in turn, define the SAR distribution inside the head. Chavannes et al (2003) modelled a real-world mobile phone using the original CAD files and obtained excellent agreement with measurements. For this study we tried to use a simple but realistic representation of a real-world mobile phone. On the basis of Chavannes' work we modelled the mobile phone as a flat metallic plate, representing the PCB, inside a plastic box and a monopole antenna. Other constructive details which might lead to RF currents (e.g. battery, metal clips for the display) are not included in the model because they will be different for each real-world phone, which would contradict our approach of a simple generic mobile phone. The phone model was agreed upon with members of the MMF (Mobile Manufacturers Forum). The generic phone is composed of a solid plastic box 102 mm high, 42 mm wide and 21 mm thick. The PCB modelled as a plate 1 mm thick, represented as perfect electrical conductor (PEC, blue in figure 8) material, is embedded in the body of the generic phone. The PEC plane ends 1 mm from the surface of the generic phone's plastic box. The electrical properties of the plastic box are ε r = 4.0 and σ = 0.04 S m −1 . The source (red in figure 8 ) is located between the base of the antenna and the top centre of the plastic box. The source gap is 1 mm. The source is connected to the PEC plane embedded in the body of the generic phone by a 1 mm PEC cube at the top centre of the phone body. The source is modelled as a voltage source with an internal serial resistance. The antenna is centred on the top of the generic phone. The core of the antenna is modelled as a length of PEC cubes with a side length of 1 mm. The PEC core of the antenna is completely covered by rubber (green in figure 8 ) with ε r = 2.5 and σ = 0.005 S m −1 . The source is not covered by the rubber. In cross section the antenna will appear as a 3 mm square composed of nine 1 mm squares. The inner 1 mm square is PEC representing the metal part of the antenna. The surrounding eight 1 mm squares represent the rubber covering. The rubber covering exceeds the length of the PEC core by 1 mm at the top of the antenna. The length of the antenna, designated as L A in figure 8 , includes the 1 mm source gap and the 1 mm of rubber at the top of the antenna. L A is 71 mm for 835 MHz and 36 mm for 1900 MHz. The antenna lengths were chosen slightly shorter than a quarter wavelength (i.e. 20% for 835 MHz and 10% for 1900 MHz) to achieve acceptable input impedance next to different head models. The acoustic output (yellow in figure 8 ) of the generic phone is a 1 mm square on the surface of the broad side of the generic phone body. It is centred in the X direction and 10 mm below the top of the plastic body (grey in figure 8 ) in the Z direction.
Anatomical head models
We used seven different anatomically correct head models. Two of the head models, the Japanese model and the visible human model, were scaled to different head sizes. Altogether 14 different anatomical head models were used to calculate the SAR and compare it to the SAM model. In accordance with IEEE 1528, we defined the pinna for all 14 anatomical head models as the largely cartilaginous projecting portion of the outer ear consisting of the helix, lobule and anti-helix. 
Specific anthropomorphic phantom (SAM).
The dimensions and shape of SAM, except for the ear protrusions, were derived from a subset of the 90th percentile dimensions from a survey of US Army male personnel (Gordon et al 1989) and are based on the five criteria outlined in IEEE 1528. The two most important criteria are as follows: (1) the peak spatial-average SAR shall be a conservative estimate of the actual value expected to occur in the heads of a significant majority of persons during normal use of mobile phones and (2) the test results shall not unnecessarily overestimate the peak SAR expected in actual users. The values for the SAM shell and the properties of the homogeneous tissue material are specified in EN 50361-2001 50361- and IEEE 1528 50361- -2003 .
European female (FEM40Y-CE)
. The European female model (FEM40Y-CE) was generated from magnetic resonance images (MRI) taken of a 40 year old female volunteer. During the MRI scan the ear was slightly compressed against the surface of the head in order to simulate the correct shape of the pinna while using a mobile phone. The compressed pinna has an approximate thickness of 4 mm. The MRI data consist of 121 different slices. In the ear region, the slices have a thickness of 1 mm. All other slices have a thickness of 3 mm. The high resolution of the ear region allows the accurate representation of the pinna as well as the anatomical details of the inner ear. Fifteen different tissues are distinguished.
European female (FEM25Y-CE)
. This model, provided by Ericsson Research, was generated from 122 MRI slices of a woman 25 years old and 176 cm tall. The right ear is slightly compressed due to the person holding a rectangular box at the ear to imitate phone use. The compressed pinna has an approximate thickness of 10 mm. This rectangular box has been removed in the head model. All slices have a thickness of 2 mm producing a model resolution on 2 mm × 2 mm × 2 mm. Seven different tissues are distinguished.
Visible human models (VHAD, VH10YS, VH5YS). The adult male head phantom (VHAD)
is based on the Visible Human Project data set (The Visible Human Project 1996) and provided by Motorola Corporate EME Research Lab. Forty different tissue types are distinguished. To obtain smaller head models the adult head model was uniformly scaled by a factor of 0.8 and 0.7 to obtain corresponding head models of a 10 year old child and a 5 year old child. Although this kind of scaling is inappropriate to represent an anatomically correct child head we included these head models for comparison to realistic head models of children and because uniform head scaling was used by several groups in the past. All three head models had 1 mm × 1 mm × 1 mm resolution. 
Three year old child (CHILD3Y) and the 7 year old child (CHILD7Y).
These two head models are the only child head models based on real images from children. The head models of the 3 year old child (CHILD3Y) and the 7 year old child (CHILD7Y) are based on MRI data. The slices for both head models were taken parallel to the sagittal plane at distances of 1 mm. The pinna thickness for both head models is approximately 4 mm. Fifteen different tissues are distinguished.
Japanese head models (JPAD, JP12YS, JP10YS, JP7YS, JP7Y-Cut, JP5YS, JP3YS).
Japanese adult head models based on MRI data were developed and provided by Department of Electrical and Computer Engineering, Nagoya Institute of Technology, Japan. The original raw MRI data were taken from a 23 year Japanese adult head, which consists of 115 slices with a 2 mm space in the axial plane. The grey-scale MRI images were segmented into 17 different tissue types. The tissue types are blood, bone, bone marrow, cartilage, cerebrospinal fluid, cornea, dura, fat, grey matter, lens, mucous membrane, muscle, parotid gland, sclera, skin, vitreous humour and white matter. Wang and Fujiwara developed a scaling procedure to generate the child head models using different scaling factors for different parts of the head. This scaling technique gives a more realistic approximation of a child's head than uniform scaling used for the visible human head models. The scaling factors were based on statistical databases on dimensions of seven parts of the head. Details about the scaling factors and scaling procedure are outlined by Wang and Fujiwara (2003) . For our comparison we had the 23 year old adult head model and head models corresponding to 12 year, 10 year, 7 year, 5 year and 3 year old child. Because the head model has an unusual large pinna with a pinna thickness for the adult head model of about 22 mm we generated a separate head model (JP7Y-Cut) by cutting the pinna for the 7 year old child to 10 mm.
Simulations
The purpose of the simulations is to apply the novel mobile phone definition to 14 different anatomical head models and to compare the SAR calculated for the anatomical head models to the SAR calculated for SAM. The results will show if SAM gives a conservative estimate for these 14 anatomical head models. For the simulations we used two different commercially available software packages: XFDTD from Remcom Inc., USA, and SEMCAD from Schmid & Partner Engineering AG, Switzerland. All XFDTD simulations were done in a 1 mm resolution. All SEMCAD simulations were done with graded meshes. The SEMCAD mesh resolution was between 0.4 mm and 3.5 mm for the head region and up to 15 mm in air. For all simulations the mobile phone was aligned with the FDTD grid and the head model was rotated to obtain either the 'cheek' position or the 'tilted' position. The source was a sinusoidal signal with 10 periods. Steady state conditions were reached after 6-8 periods. To find the rotation angles we followed the procedure outlined in sections 2.2 and 2.3. The SAR was calculated using the 12-field-component approach. This method calculates the E field in the centre of a cube as the average over the E field along the 12 cube edges. The SAR averaging was done in accordance with C95.3-2002 Annex E, section E.2 (IEEE SCC28 2002).
Measurements
For the experimental validation of the simulation results, two generic mobile phones (figure 15) were manufactured according to the specifications described in section 2.4. In order to suppress the coupling of the currents on the ground plane of the phone to the feed cable, λ/4 stubs are integrated into the phone. Ferrites are used during all measurements to suppress currents on the feeding cable.
For the measurements of the near field distribution and the SAR, the DASY4 near field scanner by Schmid & Partner Engineering AG was used. The scanner is the successor of the system described in Schmid et al (1996) . The measurements were conducted according to the guidelines for compliance testing (IEEE 1528 (IEEE -2003 . The measurement uncertainty for these evaluations (95% confidence interval) was determined to be 17.5% for DASY4 according to the procedure described in IEEE 1528. The generic phones were measured both in the 'cheek' and the 'tilted' position as used in the simulations. Figures 16 and 17 show comparisons of the measurement setups and the numerical models for both test positions.
Results
Net input power, feed-point impedance and feed-point current depend on the head model next to the mobile phone and the mobile phone position. To be able to compare the results from different anatomical head models to SAM the calculated SAR must be normalized to either net input power or feed-point current. Because it is still undetermined whether a real-world mobile phone keeps the power or the feed-point current constant when placed next to different head shapes and head sizes, we scaled the calculated SAR to both the net input power (1 W) and the feed-point current (200 mA peak). Both results are presented to reflect the behaviour of a real-world mobile phone which is expected to be within the range of these two scaled values. For human health and safety considerations a worst case approach is desirable and the worst case result (i.e. largest SAR value) should be taken into account. The real part of the antenna impedance was between 50 and 140 depending on phone position and head model. Table 1 shows the SAR values in W kg −1 for SAM calculated with XFDTD. Tables 2-9 present the SAR values for the 14 different anatomical head models. For a comparison of anatomical head models to SAM only relative values are needed. We normalized all SAR values calculated for the anatomical head models to the peak spatial SAR averaged over 1 g and 10 g respectively calculated for SAM using XFDTD. 
Data analysis and discussion
Using the methods proposed in section 2, the positioning of the mobile phone against the head is solely defined by anatomical characteristics of the head models. The phone position is independent of the original orientation of the head relative to the computation grid. It is not necessary to align the head with the computation grid before defining the phone position. The phone positioning definition is applicable to all shapes and sizes of pinnas on anatomical head models. In general the NF-Line established by the definition in this paper is not perpendicular to the reference plane. However, the procedure guarantees that the vertical centreline of the mobile phone is aligned with the reference plane. Because the tangent plane need not be perpendicular to the reference plane the phone itself may not be symmetrical to the reference plane. The tangent plane, and the intersection of the tangent plane and the reference plane, provides excellent means to check the final position of the phone when the vertical reference line, the horizontal line and the EEC reference point on the mobile phone are indicated on the mobile phone model. The definitions have only been applied for the two positions described in EN 50361-2001 50361- and IEEE 1528 50361- -2003 . However, the same definitions can be applied to describe any position of the phone next to anatomical head models such that the results can be fully reproduced. The results of the peak spatial SAR obtained for SAM show fairly good agreements of less than 0.5 dB between the results independently assessed with XFDTD and SEMCAD. The agreement with the measurements is better than 1 dB. This is acceptable in view of the difficulties in obtaining a good experimental representation of the numerical phone model. As expected the deviations are larger for the anatomical head models. This is due to the high sensitivities of slightly different positioning of the phone in such close proximity of the head. In general the differences are around 1 dB with a maximum of 1.2 dB.
The 14 head models used in this study do not represent all possible head shapes, pinna shapes, pinna sizes, anatomical differences of the head, pinna compression due to the mobile phone, etc. for all possible mobile phone users, but they give an overview on how these different head models compare to SAM. To determine if SAM is conservative or not we compare the peak spatial SAR values calculated for SAM with those calculated for the anatomical head models and put the results in context with current safety standards. The standards we use are IEEE C95.1b-2004 and the ICNIRP guidelines. C95.1b-2004 defines relaxed exposure limits for the pinna, whereas in the ICNIRP guidelines pinna and head tissue are treated equally. In C95.1b-2004 the pinna will be treated as an extremity with a peak spatial SAR limit that is 2.5 times that of the head SAR limit. Table 10 gives an overview of the two safety standards considered in this study.
The 14 anatomical head models in two different phone positions, for two frequencies and normalized to either power or current give a total number of 112 different cases. Figure 18 shows the histogram with a class width of 0.25 for the normalized 1 g averaged SAR for head only tissue, 10 g averaged SAR for all tissue (head including the pinna) and 10 g averaged SAR for pinna only tissue. When simulations were performed with XFDTD and SEMCAD we used the average of both results for the histogram evaluation. Because C95.1b-2004 and ICNIRP have different SAR limits and averaging volumes the question if SAM is conservative or not must be answered for each standard separately. C95.1b-2004 averages over head only and pinna only tissue separately with 1 g averaging volume for the head and 10 g for the pinna, whereas ICNIRP averages over all tissue using a 10 g averaging volume. Considering C95.1b-2004, SAM can be seen as conservative if the SAR in the anatomical head models for head only tissue is less than the SAR calculated for SAM and if the SAR in the anatomical head models for pinna only tissue is less than 2.5 of the SAR calculated for SAM. According to our 112 cases only in 6 cases (5%) the 1 g averaged SAR calculated in the anatomical head model for head only tissue is higher than the SAR in SAM and only for one head by more than 1 dB (largest underestimation is 1.3 dB). Considering only the compliance relevant worst-case configurations, i.e. 'cheek 835 MHz' and 'tilted 1900 MHz' SAM is conservative in all cases. The 10 g averaged SAR in the pinna of the anatomical head models did not exceed 2.5 of the 10 g averaged SAR of SAM for all cases. No underestimation for the worst-case configuration was obtained.
If SAM shall be conservative for testing with respect to the ICNIRP guidelines the SAR for SAM must be higher than the calculated 10 g averaged SAR for the anatomical head models for all tissues, i.e., head including the pinna. In our 112 cases, the 10 g averaged SAR in all tissue was exceeded 27 times (24%) and in only 4 cases by more than 1 dB. The maximum underestimation is 1.7 dB when normalized to the feed-point current and 0.8 dB when normalized to the power. The maximum underestimation of the exposure for the worst-case configurations was 0.6 dB at the configuration 'tilted 1900 MHz'.
The situation is similar for the cut and compressed ear models: JP7YS-Cut, FEM25Y-CE, FEM40Y-CE. In 2 out of 24 cases (8%) the 1 g averaged SAR for head only tissue calculated for the anatomical head model exceeded SAM's SAR. For all tissue in 4 out of 24 cases (17%) the 10 g averaged SAR calculated for the anatomical head model exceeded SAM's SAR.
Conclusions
The results demonstrate that SAM gives a conservative estimate of the exposure in the 14 head models used for both standards, C95.1b-2004 and the ICNIRP guidelines, if head only tissue (i.e., exclusion of the pinna during the SAR evaluation) is considered. Considering C95.1b-2004, SAM also gives conservative SAR values for pinna only tissue for the anatomical head models used. The data confirm the strong dependence of the pinna shape, pinna size and pinna deformation on the exposure. Significant RF currents in the vicinity of the pinna will result in high local exposures. Thus, for worst-case pinna geometries, SAM will not always result in conservative estimates in accordance with ICNIRP guidelines requiring inclusion of the pinna in the SAR evaluation. The same would be true if the evaluation were conducted for contiguous tissue and not for a 10 g cube. A clear relation between the head size and the SAR cannot be established because too many other factors (e.g. pinna shape, pinna size, head shape) have influence on the peak spatial SAR. Cutting or compressing the ear does not change the conclusions about SAM's conservativeness. Without the clear and novel definition of the mobile phone position the differences between XFDTD and SEMCAD would be much larger.
